The relaxation process of ion-implanted strained silicon films grown on silicon-rich relaxed Si 1Àx Ge x alloys was studied to determine the critical strain regime necessary for the breakdown of solid phase epitaxial recrystallization. Experimental structures were grown via molecular beam epitaxy (MBE) and contained a 50 nm strained silicon capping layer on relaxed Si 1Àx Ge x . The relaxed Si 1Àx Ge x alloy compositions range from 0 to 30 at.% germanium. A 12 keV Si + implant at a fluence of 1 · 10 15 atoms/cm 2 was used to generate an amorphous layer $30 nm thick, confining it to the strained silicon cap. The degree of relaxation of the silicon cap layer was quantified by high-resolution X-ray diffraction (HRXRD) omega-2theta rocking curves and reciprocal space maps. Maps were acquired for the (0 0 4) and (1 1 3) reflections to obtain the in and out-of-plane lattice parameter of the layers. Upon annealing, the solid phase regrowth (SPER) process broke down for the highest level of strain. Additionally, regrowth related defects were observed in these samples using cross-sectional transmission electron microscopy (XTEM). These results indicate a reduction of strain in the Si 0.7 Ge 0.3 samples occur as a result of SPER breakdown that generated dislocations and stacking faults throughout the silicon capping layer.
Introduction
Strained silicon technology offers enhanced hole mobility due to a decrease in the average effective mass and decreased inter-valley carrier [1] . Strain in the capping layer arises from the lattice mismatch between the Si 1Àx Ge x virtual substrate and the silicon film. The strained overlay is grown to a critical thickness such that the interface is in perfect atomic registry [2] . After thermal processing, the strain energy in these heterostructures decrease and cause strain relaxation by the propagation of threading dislocations and formation of misfits [3] [4] [5] . Additionally, relaxation can be caused by Ge diffusion into the strained overlay. Ge interdiffusion and ensuing strain relaxation has been shown to be dramatic when the collision cascade of an amorphizing implant overlaps the Si/Si 1Àx Ge x interface [6] . Previous studies suggest that the implantation process creates point defects which act as nucleation sites for relaxation-induced dislocations and/or may assist Ge interdiffusion by an interstitial mediated mechanism. Numerous studies have reported results on silicon recrystallization and regrowth in Si 1Àx Ge x and Si bulk systems [7] [8] [9] . However, the stability of strained silicon after amorphization and recrystallization is not well understood. This study focuses on determining the degree of relaxation and stability after amorphization and recrystallization in a strained silicon layer.
Experimental design
The experimental structures were grown using molecular beam epitaxy (MBE). Pseudomorphic structures with low threading dislocation densities of 10 5 cm À2 were grown with compositionally graded buffer layers incorporating Ge at a rate of 10 at.% per micrometer on silicon substrates to compositions of 0, 10, 20 and 30 at.% Ge [10] . A 630 nm thick fully relaxed SiGe layer of corresponding composition was then grown on top of the buffer layer, followed by a 50 nm strained silicon capping layer. The silicon capping layers grown with 0%, 10%, 20% and 30% Ge correspond to 0%, 0.37%, 0.74% and 1.1% strain, respectively. The strain was calculated using lattice parameters obtained from HRXRD using the relationship: strain = (a Si-cap À a SiGe )/a Si . The structures were then ion-implanted with 12 keV Si + ions at a fluence of 1 · 10 15 atoms/cm 2 , generating an amorphous layer $30 nm thick, strictly confined to the strained silicon cap. Finally, the samples were annealed at 500, 650 and 800°C for 30 min in a quartz-tube furnace under an inert N 2 ambient environment.
A Pananalytical MRD X'Pert was used to obtain HRXRD rocking curves and reciprocal space maps to study the strain relaxation. Previous studies have also employed rocking curves to study the strain relaxation observed in the strained silicon capping layer using pseudomorphic Si/Si 1Àx Ge x structures [11, 12] . However, further investigation determined space maps to be a preferable technique for the measurement of annealed samples. Space map areas are compilations of rocking curves taken at a range of x positions to create a 2D map of intensity. This map provides a 2D image of intensity in the vicinity of Bragg reflection and allows the observation of very low intensity peaks from the strained silicon layer that rocking curves do not clearly obtain. Using these maps, the relaxation of the layer can be directly observed by monitoring the shift of the strained silicon peak toward the silicon substrate. Additionally, the crystalline integrity of the layer can also be monitored by observing any broadening of the peak that would indicate a disordered or defected layer [13] . Therefore, space maps are preferred for multilayered structures because the lattice parameters can be obtained from peak position and the degree of relaxation obtained directly.
A JEOL 2010F high-resolution transmission electron microscope (HRTEM) and a JEOL 200CX TEM were used to study cross-sections of the regrown layer (XTEM). Samples were prepared using a Dual-Beam FEI Strata DB 235 Focused Ion Beam. Fig. 1 shows a cross-sectional HRTEM image of the as-implanted structure denoting the strained silicon capping layer and relaxed Si 0.7 Ge 0.3 sublayer. XTEM measurements were used to confirm the amorphous layer depth and layer thicknesses. The end-of-range (EOR) damage associated with the implant was also observed near the amorphous-crystalline interface. 
Results
The HRXRD (0 0 4) rocking curves for the as-grown structures are shown in Fig. 2 . The strained silicon peak appears on the right of the high intensity silicon peak and the relaxed Si 1Àx Ge x is to the left. The plateau between the Si and the relaxed Si 1Àx Ge x peak represents the superposition of peaks from the compositionally graded buffer layer. The results obtained indicate proper growth and strain levels of the heterostructures.
The thermal stability of the highest strained as-grown Si 0.7 Ge 0.3 structure was studied by subjecting samples to a 500 and 800°C anneal for 30 min. In either case, no strain relaxation was observed. This result is in agreement with previously reported results [3] [4] [5] . However, postimplantation and anneal, relaxation is observed for this structure. Fig. 3 shows a sequence of rocking curves for the as-grown, as-grown annealed, and implanted and annealed sequence for the Si 0.7 Ge 0.3 structure at 500°C for 30 min. Note that the rocking curves for the strained silicon peak post-implant and anneal has a broad peak and a weak signal, warranting further investigation with reciprocal space maps. Fig. 4 shows a sequence of the space maps for the Si 0.7 Ge 0.3 structure including (a) as-grown, (b) 500°C 30 min and (c) 800°C for 30 min anneal. The positions of the peaks are identified in Fig. 4(a) and relaxation is observed by the strained silicon peak shift toward the silicon substrate peak in Fig. 4(b) and (c). Lattice parameters were extracted from the peaks on the reciprocal space maps using Bragg's Law. From these lattice parameters, the percent relaxation is calculated using Eq. (1) and is shown in Fig. 5 .
The Si 0.9 Ge 0.1 and Si 0.8 Ge 0.2 samples showed no strain relaxation for all thermal conditions. The Si 0.7 Ge 0.3 samples, however, showed an increase in the degree of relaxation with increasing anneal temperature. The strained silicon peak of the Si 0.7 Ge 0.3 samples also broadened significantly after the higher temperature anneals indicating a higher defect density that was confirmed by XTEM. The crystalline quality of the regrown layer was further studied using XTEM. After the 500°C 30 min anneal, it was found that 10 nm of amorphous material remained on the surface for all structures. This indicates that defects grew with the advancing amorphous-crystalline interface and did not nucleate post-recrystallization. After the 650 and 800°C anneals, the TEM micrographs indicated a fully regrown layer for all structures. All conditions for the Si 0.9 Ge 0.1 and Si 0.8 Ge 0.2 samples show that the regrown layer was of good crystalline quality. The highest strained sample (Si 0.7 Ge 0.3 ), however, showed regrowth related defects, confirming the results from HRXRD that showed broadening of the strained silicon peak. Weak-beam dark field XTEM micrographs shown in Fig. 6 indicate that samples up to Si 0.8 Ge 0.2 regrow defect-free with the EOR damage region present. The Si 0.7 Ge 0.3 samples show that the amorphous layer regrows completely with defects extending from the surface to the Si/Si 0.7 Ge 0.3 interface. Fig. 7 shows a representative image of these defects which were identified to be stacking faults originating from the Si/ Si 1Àx Ge x interface. In some instances, these defects were also observed to originate from the region where the EOR damage occurred.
Conclusion
The results of this study suggest that strained silicon can be amorphized and regrown without strain relaxation for all Si 1Àx Ge x compositions up to Si 0.8 Ge 0.2 (0.74% strain). For the 1.1% strained (Si 0.7 Ge 0.3 ) sample, the solid phase regrowth of the amorphous layer breaks down and results in the formation of regrowth related defects within the amorphous region and extending back down to the strained Si/Si 1Àx Ge x interface. This is the first time regrowth related defects have been observed to extend below the amorphous/crystalline interface. These defects are primarily stacking faults and microtwins rather than the traditionally observed hairpin dislocations. Since the relaxation process was only observed when these regrowth related defects were present, the results also suggest that these defects are possibly contributing to the relaxation of the strained layer. In conclusion, these results indicate that a critical misfit strain between 0.74% and 1.1% results in a breakdown of the SPER process and the formation of extended regrowth related defects.
